Abstract Multiple sclerosis (MS) is a demyelinating and neurodegenerative disorder of the central nervous system, for which disease modifying therapies (DMTs) are the mainstay treatment approach to reduce inflammatory disease activity and slow worsening disability. In addition to conventional pharmacologic therapy, there is growing interest in the use of lifestyle strategies to support wellness and mitigate disease-related complications in MS. This interest stems from a growing appreciation of the role of certain comorbidities and lifestyle factors on disease activity, disability, mortality, and overall quality of life. While the current literature is not conclusive, there is evidence to suggest a potential role for vitamin D supplementation, tobacco smoking cessation, routine exercise, a plant-based, anti-inflammatory diet, and maintenance of emotional well-being as adjunct therapies to DMTs. In addition to DMTs, lifestyle strategies should be emphasized as part of a management plan focused on overall health and well-being.
Introduction
Multiple sclerosis (MS) is an inflammatory demyelinating and neurodegenerative disease of the central nervous system affecting approximately 400,000 people in the USA [1] and 2.5 million people worldwide [2] . It is the major cause of nontraumatic neurologic disability in young adults [3, 4] , and, compared with other chronic conditions, MS ranks second only behind congestive heart failure in direct all-cause medical costs, with an estimated cost of $8528 to $54,244 per patient with MS per year [5] .
There is growing interest in the impact of comorbidities on disease-related outcomes in MS and its effect on increasing healthcare costs. Although definitions can vary, comorbidity typically refers to coexisting disease states other than the condition of interest and is distinct from complications of the prespecified disease [6] . An increasing amount of evidence suggests that comorbidities can affect diagnostic delay, worsening disability, health-related quality of life (HRQoL), and risk of hospitalization [7] [8] [9] [10] [11] . In addition, comorbid diseases add significant societal costs to the management of a chronic progressive illness. Approximately 80% of US Medicare spending is devoted to people with 4 or more chronic conditions with costs increasing exponentially as the number of comorbidities increases [12] .
These comorbidities and their impact on disease-related outcomes in MS may be amenable to changes in lifestyle. The study of lifestyle medicine, defined as the integration of lifestyle practices into the practice of medicine [13] , has grown out of an understanding of the importance of patient behavior in health and wellness. These lifestyle practices, including diet, physical activity, weight control, maintenance of emotional well-being, and tobacco cessation, are aimed at lowering the risk of developing chronic diseases and serve as an adjunct treatment for chronic diseases already present.
They are meant to complement and not replace conventional therapies in MS, namely disease modifying therapies (DMTs) that reduce inflammatory disease activity and slow worsening of disability. Incorporation of lifestyle medicine into traditional medical care is part of a growing trend towards integrative medicine. Integrative medicine focuses on wellness, a holistic concept of well-being, that encompasses biological, psychological, sociological, and spiritual aspects of overall health within the framework of a strong patient-physician relationship [14, 15] .
In this paper, we first discuss the growing evidence for the impact of comorbidity and lifestyle factors on outcomes in MS, and then discuss how lifestyle strategies may impact these outcomes. The focus of the paper is on lifestyle strategies that mitigate disease activity, worsening disability, or chronic symptoms, and affect quality of life in MS. The role of lifestyle strategies in reducing the risk of MS is an important issue but beyond the scope of this paper. For all topics, we focused on higher quality summaries of the literature found within recent published systematic reviews. Representative papers from the literature were also chosen where systematic reviews were unavailable or did not capture all of the pertinent studies.
Comorbidities Obesity

Impact of Obesity on the Immune System
The key cell of adipose tissue is the adipocyte, which secretes a variety of hormones, including leptin, adiponectin, and resistin to help regulate satiety, insulin resistance, and inflammation [16] . Under conditions of obesity, however, adipocytes secrete many proinflammatory cytokines, including tumor necrosis factor-α, monocyte chemoattractant protein 1, and interleukin (IL)-6 [17] . Both leptin and IL-6 reduce regulatory T-cell activity [18, 19] , and higher leptin levels are associated with fewer circulating regulatory T cells in the peripheral blood [20] , suggesting a possible connection between obesity and immune system dysfunction.
Prevalence of Obesity
Most of the literature on obesity prevalence is based on survey data. The largest survey, conducted in 2006, included 8983 responders with a 55.7% response rate. Participants were selected from the North American Research Committee on MS (NARCOMS) Registry, a self-report registry for people with MS. In this survey, a quarter of participants were obese, and close to one-third were overweight [21] . Pilutti et al. [22] conducted a smaller survey with 269 participants where > 50% of participants were classified as overweight or obese. Only people able to walk independently or with a cane were included in the survey, raising the possibility that the results might be an underestimation of the true prevalence of obesity in the MS population at large. Moreover, both studies used self-reported data, a potential limitation because survey responders who are overweight are more likely to under-report their correct weight [23] . Finally, a cross-sectional study of 130 patients with MS with a Kurtzke Expanded Disability Status Scale (EDSS) ≥ 3.0 used data from the Sheba MS Registry, a large university-affiliated medical center database in Tel Aviv, Israel [24] . In total, 18.5% of disabled patients with MS were obese, and 34.6% were overweight.
A 2013 systematic review of risk factors related to cardiovascular disease and metabolic syndrome in MS found conflicting data on body mass index (BMI) in MS populations versus the general public [25] . Some studies found the proportion of overweight and obese people with MS were comparable with the general population [26, 27] . Other studies reported a higher prevalence of obesity in women and veterans with MS [28] [29] [30] [31] [32] . Other studies found a lower prevalence of obesity in people with MS than in controls [33] [34] [35] .
Impact of Obesity on MS Disease Activity and Worsening of Disability
Two prospective cohort studies investigated the association of obesity with disease activity in MS. The first enrolled 86 subjects from participants in the OFAMS study, a randomized, double-blind, placebo-controlled trial of omega-3 fatty acids in Norwegian people with relapsing remitting MS (RRMS) [36] . During interferon-β (IFN-β) treatment, overweight and obese patients had higher disease activity than normal-weight participants when evaluated by the criterion of Bno evidence of disease activity,^a composite measure of magnetic resonance imaging (MRI) evidence of disease activity, clinical relapses, and worsening disability. This association was only seen during treatment with IFN-β and was related primarily to the MRI and clinical relapse components of no evidence of disease activity. The second cohort study followed 141 participants with RRMS from 2002 to 2005, selected from a cohort of 203 people with MS living in southern Tasmania, Australia [37] . BMI was measured at baseline and was not found to be associated with the risk of relapse [hazard ratio (HR) 1.02, 95% confidence interval (CI) 0.98-1.07]. A similar prospective study, using the same cohort, described the association between BMI and disability [38] . In this study, there was a direct relationship between BMI and disability such that participants with a 5 kg/m 2 higher BMI score had, on average, a 0.38 higher EDSS score (p = 0.013). Associations with disability were adjusted for important confounders, including relapse at the time of disability assessment, age at study entry, sex, smoking, statin use, physical activity, 25-hydroxyvitamin D [25(OH)D], and baseline EDSS.
The studies used to describe the prevalence of obesity in MS were also used to evaluate the association between BMI and disability worsening. In the NARCOMS survey, participants were grouped into mild (n = 1318), moderate (n = 350), and severe (n = 707) disability based on the Patient Determined Disease Steps (PDDS), a self-report disability scale validated against the EDSS [39] . Compared with participants with mild disability, those with moderate disability did not have increased odds of being overweight [odds ratio (OR) 0.99, 95% CI 0.82-1.18] or obese (OR 1.09, 95% CI 0.90-1.33). Moreover, after accounting for smoking status and physical activity level, participants with severe disability had decreased odds of being overweight (OR 0.67, 95% CI 0.55-0.82) or obese (OR 0.71, 95% CI 0.58-0.87) [21] . In the survey conducted by Pilutti et al. [22] , the relationship between the PDDS and BMI was analyzed over time using a panel model framework. There were no significant correlations between BMI and PDDS at baseline, 12 months, or 24 months (p > 0.05). Path analysis indicated a minimal and inconsistent impact of BMI on the change in PDDS over time. Finally, the cross-sectional study of patients from the Sheba MS Registry found no significant differences among the normal weight, overweight, and obese groups with respect to EDSS scores (p = 0.192) [24] .
Overall, there is insufficient evidence to support a strong association between weight status and disability. This may be, in part, due to poor sensitivity of the current measures for overweight and obesity. Although most of the studies evaluating obesity in people with MS have used a cut-off BMI value ≥ 30 kg/m 2 , at least 1 study suggests that the current threshold for classifying obesity may be too high [40] . The investigators conducted a secondary analysis of crosssectional data to examine the relationship between BMI and percentage body fat assessed by dual-energy X-ray absorptiometry in a large sample of participants with and without MS. Receiver operating characteristic curve analyses indicated that the standard BMI threshold for obesity had excellent specificity (93-100%) but poor sensitivity (37-44%) in both persons with MS and non-MS controls. The BMI threshold that best identified percentage-body-fat-defined obesity was 24.7 kg/ m 2 in the MS group and 25.1 kg/m 2 in the control group.
Vascular Comorbidities
Prevalence of Vascular Comorbidities
A 2015 systematic review analyzed the incidence and prevalence of type II diabetes (DM type II), hyperlipidemia (HPL), hypertension (HTN), coronary artery disease (CAD), cerebrovascular disease, and peripheral vascular disease (PVD) in individuals with MS [41] . For most of these comorbidities, the estimates varied widely, as did the quality of the studies. Furthermore, there were inconsistent findings comparing the prevalence of these comorbidities in MS populations with their respective controls or to published data in the general population. One exception was ischemic heart disease, in which all 14 studies found elevated incident rate ratios (IRRs) in their MS populations versus matched controls. Table 1 includes a detailed list of the prevalence estimates for DM type II, HPL, HTN, CAD, cerebrovascular disease, and PVD in the MS population.
Impact of Vascular Comorbidities on MS Disease Activity and Worsening of Disability
Two studies found an association between vascular comorbidities and T2 lesion burden. One prospective longitudinal study investigated the association of lipid profile variables with clinical and MRI markers of disease activity in subjects with highrisk clinically isolated syndrome [42] . High-density lipoprotein, low-density lipoprotein, and total cholesterol (TC) were not associated with clinical relapses, but higher low-density lipoprotein and TC levels were associated with an increased number of new T2 lesions over 2 years (p = 0.006 and p = 0.001, respectively). Another cross-sectional study evaluated the frequency of cardiovascular risk factors in 489 people with MS to determine their association with T2 lesion volume [43] . After adjusting for age, sex, ethnicity, disease duration, and treatment status, there was increased T2 lesion volume in patients with RRMS with HTN who were cigarette smokers (p = 0.035). MS patients with HTN and heart disease who were overweight or obese also had increased T2 lesion volume (p = 0.009).
There is also growing evidence regarding the influence of vascular comorbidities on worsening disability in MS. One cohort study using the NARCOMS Registry assessed the time from MS diagnosis to ambulatory disability in people with and without vascular comorbidities [44] . Each vascular comorbidity reported at diagnosis (DM type II, HTN, CAD, PVD, or HPL) increased the risk of ambulatory disability by 50% (HR 1.51, 95% CI 1.41-1.61). In addition, the median time from diagnosis to ambulatory disability was 6 years earlier in participants with vascular comorbidities than in those without. Another survey using NARCOMS data assessed whether vascular comorbidities affected the time between MS symptom onset and the development of mild, moderate, or severe visual disability [45] . In a multivariate Cox model adjusting for demographic and disease-related confounders, the risk of visual disability increased with the number of vascular comorbidities. For each comorbid vascular risk factor, there was a 45% increased risk for mild visual disability (HR 1.45, 95% CI 1.39-1.51), 49% increased risk for moderate visual disability (HR 1.49, 95% CI 14.0-1.59), and 37% increased risk for severe visual disability (HR 1.37, 95% CI 1.22-1.53).
Other observational studies support an association between vascular comorbidities and increased risk of MSrelated disability. In a cohort study of 2083 people from a single, large MS center [9] , HTN and DM type II were associated with poorer performance on walking speed and self-reported disability as measured by the Timed 25-Foot Walk [46] and Performance Scales score [47] . In an Israeli cohort study, 2396 people were followed to assess the impact of vascular comorbidities on the risk of progression to EDSS scores of 4.0, 6.0, and 8.0 [48] . People with HTN had a higher risk of reaching each EDSS milestone than people without vascular risk factors. A cohort study in southern Tasmania prospectively followed 178 people with MS from 2002 to 2005 [38] . After adjustment for confounders, TC, apolipoprotein B, and the apolipoprotein B:apolipoprotein A-I ratio were independently associated with a higher EDSS score.
Impact of Vascular Comorbidities on Mortality in MS
Three studies found that certain vascular comorbidities were associated with an increased mortality risk in MS. The first study, using provincial data from Manitoba, Canada, identified 5797 persons with MS using a validated administrate case definition [49] . These cases were paired with 28,807 controls. After stratifying by birth cohort and adjusting for sex, socioeconomic status, and region, multiple comorbidities were associated with an increased hazard of death in MS, including DM type II (HR 1.47, 95% CI 1.25-1.73) and ischemic heart disease (HR 1.50, 95% CI 1.28-1.75). The magnitude of the associations of mortality with DM type II and ischemic heart disease was lower in the MS population than the matched controls. The second study was a retrospective analysis of primary care data from a large administrative database in the UK [50] . In total, 1713 incident MS cases were identified and validated using electronic and original medical records. The adjusted HR for heart disease with respect to all-cause mortality was 2.2 (95% CI 1.2-4.2). MS cases were not compared with controls. The third study utilized survey data from NARCOMS Registry participants who completed a Fall 2006 survey on comorbidities until death or date of last follow-up [51] . In total, 9496 subjects met the inclusion criteria. Using a linear regression model, vascular comorbidities were associated with increased mortality risk after adjusting for age at symptom onset, sex, education level, DMT use, smoking status, the Cognitive Performance Scale, and PDDS (HR 1.368, 95% CI 1.128-1.659).
At least 2 cause-of-death studies suggested an increased mortality risk from vascular disease in MS populations versus the general public. A Danish population-based registry of patients with MS showed a 34% increased risk of death from cardiac and vascular diseases versus the general population (standardized mortality ratio 1.34, 95% CI 1.02-1.71) [52] . The association was even stronger in a UK cohort study comparing patients with MS to sex-matched controls [27] . Adapted from [41] DM type II = diabetes mellitus type II; HPL = hyperlipidemia; CI = confidence interval; HTN = hypertension; CAD = coronary artery disease; CVD = cerebrovascular disease; PVD = peripheral vascular disease † Based on 3 population-based studies ‡ Based on 2 population-based studies § Ischemic or hemorrhagic stroke ¶ Ischemic stroke
However, an older population-based survey from Wales performed in 1985 failed to find a difference between the proportion of cardiovascular disease-related deaths in people with MS and the general population [53] . It is important to note that these studies were subject to certain limitations. First, they did not compare mortality among individuals with and without cardiovascular disease. Second, cardiovascular disease in the studied populations could have increased mortality indirectly without being listed as the cause of death. Third, death certificates may have been inaccurate.
Psychiatric Comorbidities
Psychiatric comorbidities can have a major impact on quality of life but are often overlooked in clinical practice [54] [55] [56] [57] [58] [59] . In a survey of 3884 patients with MS, 60% of people reported mental health problems, but fewer than half of these individuals received pharmacological or psychological treatment [60] . In another study of patients with MS over 45 years of age, < 16% with mental health disorders received mental health services [61] . One of the most concerning issues is the high rate of reported suicide among people with MS [62] , especially if psychiatric comorbidities are underrecognized and under-treated in this population. However, findings from a recent large cohort study question whether suicide rates in people with MS are any different from population norms [63] . Most of the literature on psychiatric comorbidities in MS focuses on depression and bipolar disorder (BPD), so these are the 2 mood disorders discussed. There is also some literature on anxiety and stress management, which are discussed in the following section.
Diagnosis of Mood Disorders
The diagnosis of depression can be challenging because symptoms of depression align with some symptoms of MS (e.g., fatigue, altered sleep patterns, and poor concentration or memory). Various screening tests for depression have been studied in the MS population to help with recognition and early treatment. A recent systematic review identified 21 studies evaluating 12 instruments, including a 2-item screen, the Beck Depression Inventory, Center for Epidemiologic Studies Depression Scale, Chicago Multiscale Depression Inventory, Hospital Anxiety and Depression Scale (HADS), and Patient Health Questionnaire-9 [64] . Only 3 screening tests assessed sensitivity and specificity against the gold-standard Diagnostic and Statistical Manual of Mental Disorders diagnosis of major depressive disorder. For these tests, the sensitivity and specificity were as follows: HADS (90%, 87%), Beck Depression Inventory (71%, 79%), and the 2-item screen (51%, 98%). Structural validity was assessed for some of the tests using confirmatory factor analysis. For these tests, structural validity was judged to be excellent for Chicago Multiscale Depression Inventory and acceptable for Center for Epidemiologic Studies Depression Scale and Patient Health Questionnaire-9. Currently there are no validated screening tools for BPD in MS.
Prevalence of Mood Disorders and Impact on MS
Reports on the prevalence of depression and BPD in the MS population have varied widely [65] , likely owing to differences in the target population, types of measures used, and the time frame for evaluation. Nevertheless, prevalence rates are consistently high. A recent systematic review by Marrie et al. [65] identified 15 population-based studies reporting estimates of depression ranging from 4.98% to 58.9%, with a summary estimate of 23.7% (95% CI 17.4-30.0%), but heterogeneity was high (I 2 = 97.3). All 10 studies including a comparator population found a higher prevalence of depression in the MS population. Twelve studies were included that reported estimates of BPD ranging from 0% to 16.2%. The only population-based study estimated the prevalence of BPD to be 5.83% [66] . All studies including a comparator population found the prevalence of BPD to be higher in the MS population.
Depression and BPD have a major impact on quality of life in MS [54] [55] [56] [57] [58] , and depression affects multiple functional domains, including energy, cognition, perception of health, and sexual function [54] [55] [56] [57] [67] [68] [69] . Moreover, patients with MS with depression may have worse long-term outcomes as a result of decreased adherence to DMTs [70] .
Anxiety and Stress
Anxiety disorders are also common in MS and can impact disease activity and quality of life. The same systematic review by Marrie et al. [65] identified 8 population-based studies reporting the prevalence of anxiety (generalized or unspecified) to range between 1.2% and 44.6%, with a summary estimate of 21.9% (95% CI 8.76-35.0), but heterogeneity among the studies was high (I 2 = 99.2). Anxiety has been associated with clinical disease activity in MS. A post-hoc analysis of 121 people with MS enrolled in a randomized controlled trial (RCT) of a stress-management program had participants complete monthly self-reports on anxiety symptoms using the HADS anxiety subscale [71] . After controlling for baseline anxiety, treatment assignment, baseline EDSS score, baseline energy level, and demographics, confirmed exacerbations were associated with concurrent anxiety symptoms (β = 0.20; p < 0.01). A prospective longitudinal study of 36 people with MS also evaluated the relationship between stressful life events, psychological distress, and disease activity as measured by gadoliniumenhancing (GdE) lesions on brain MRI [72] . Increased conflict and disruption in routine was associated with increased odds of developing new GdE lesions 8 weeks after baseline (OR 1.64; p = 0.001) but not at baseline, 4 weeks, or 12 weeks. The study was limited in that it did not control for all important confounders, including treatment status of the participants, who were all selected from a placebo-controlled trial of IFN β-1b.
Anxiety can also have a significant impact on quality of life. A systematic review of all studies related to anxiety and MS identified 8 cross-sectional studies and 2 prospective studies, all of which reported a statistically significant inverse association between anxiety and quality of life, although only abstracts were available for review for 4 studies [59] .
Suicide Risk and MS
A 2012 systematic review was conducted to determine the potential association between MS and suicidal behavior [62] . Although a couple of studies were unable to find an increased risk of suicide attempts or suicide-related deaths in MS populations versus the population at large, 10 studies found rates of completed suicide 1.6-to 14-times higher than the general public. The idea that suicide rates are higher in people with MS has been called into question by a recent retrospective cohort study conducted in France [63] . In total, 27,603 prevalent cases of MS were previously assembled from a study on long-term mortality. Three percent of deaths were suicides. Even after including 36 suspected suicides in the MS population, there was no difference in mortality rate compared with population norms (standardized mortality ratio 1.01, 95% CI 0.80-1.26). In addition to its role as a regulator of calcium and phosphate homeostasis, vitamin D affects the differentiation and function of certain cells in the immune system. Interest in the relationship between vitamin D and the immune system began in the 1980s with the discovery that specific high-affinity 1,25(OH)2D3 receptors are located on the surface of immune cells [76] [77] [78] [79] . In early experiments, T cells treated with 1,25(OH)2D3 showed decreased proliferation and secreted fewer proinflammatory cytokines (IFN-γ and IL-2) than T cells without exposure to 1,25(OH)2D3 [80] [81] [82] . In addition, 1,25(OH)2D3 suppresses the activity of proinflammatory Th17 and Th1 cells that are implicated in MS disease activity [83] [84] [85] [86] . 1,25(OH)2D3 also promotes regulatory T cells, which help protect against autoimmunity [86, 87] .
Lifestyle Factors
Impact of Vitamin D on MS Disease Activity and Worsening of Disability
There is preliminary evidence supporting an inverse correlation between vitamin D levels and disease activity in MS from various cross-sectional studies. Two studies, one in Argentina and one in Finland, showed significantly lower serum 25(OH)D levels (p < 0.01 and p = 0.03, respectively) in patients with RRMS at times of relapse compared with remission, with a mean difference of 8.8 ng/ml and 15 ng/ml, respectively [88, 89] . In a cross-sectional study of 267 people with MS from the Netherlands, examiners counted the number of relapses over a 2-year period before acquiring serum samples to determine the 1-year relapse rate. After controlling for age, sex, and disease duration, the relative risk (RR) of remaining relapse free in the previous 2 years increased by 51% for each 4 ng/ml increase of 25(OH)D (p = 0.017), despite comparable disability scores [90] .
Each of these studies had limitations. Although people in the Argentinian and Finnish studies were not treated with DMTs, there is no mention of controlling for DMT use in the Netherlands study. Moreover, only the Argentinian study evaluated differences in vitamin D levels due to dietary supplements and place of residence, and only the Finnish study controlled for differences in vitamin D levels due to seasonal variation.
Additional observational studies have shown an inverse correlation between vitamin D levels and disability [90, 91] . In the previously described study from the Netherlands, EDSS scores were assessed at the time of serum sampling. 25(OH)D levels were a significant predictor of EDSS both before and after adjusting for confounders, although the effect size was low (adjusted OR -0.014, 95% CI -0.022 to -0.006). In addition, a population-based case-control study in Tasmania, Australia, compared 25(OH)D levels in patients with MS and healthy controls. Among patients with MS, those with higher disability (EDSS > 3) were more likely to have vitamin D insufficiency [25(OH)D ≤ 16 ng/ml] than healthy controls (OR 3.07, 95% CI 1.37-6.90), but those with less disability were less likely to be vitamin D insufficient (OR 0.87, 95% CI 0.41-1.86)) [91] . In both of these studies, the association between vitamin D levels and disability might have been a reflection of lower sun exposure in people with more severe MS rather than a direct relationship between vitamin D and disability.
More robust evidence comes from longitudinal cohort studies. A 5-year cohort study showed that higher vitamin D levels were associated with decreased MRI disease activity and decreased disability for people with clinically isolated syndrome or RRMS [92] . In multivariate analyses adjusting for age, ethnicity, race, tobacco smoking, and MS treatment, each 10 ng/ml higher 25(OH)D level was associated with a 15% lower risk of a new T2 lesion (IRR 0.85, 95% CI 0.76-0.95) and a 32% lower risk of a new GdE lesion (IRR 0.68, 95% CI 0.53-0.87). In addition, each 10 ng/ml higher 25(OH)D level was associated with a 0.05-point lower subsequent EDSS score (95% CI -0.091 to -0.003).
Moreover, 2 prospective cohort studies including participants from large RCTs found an association between 25(OH)D levels and markers of disease activity and worsening disability [93, 94] . One study involving participants in the BEYOND trial found a significant inverse correlation between average 25(OH)D levels in 1482 people and the cumulative number of new active lesions, defined as the sum of new T2 lesions and new GdE lesions between baseline and the most recent brain MRI [93] . A 20 ng/mL increase in serum 25(OH)D levels was associated with a 31% lower rate of new T2 lesions (RR 0.69, 95% CI 0.55-0.86). The lowest rate of new T2 lesions was observed among people with 25(OH)D levels > 40 ng/mL (RR 0.53, 95% CI 0.37-0.78). Another study including participants in the BENEFIT trial found that a 20 ng/ml increase in 25(OH)D levels was associated with a reduction of 0.16 points in the average EDSS score (p = 0.11), supporting an association between low 25(OH)D levels and worsening of disability [94] .
Multiple phase I and II RCTs have now been conducted to assess the safety and utility of vitamin D supplementation [95] [96] [97] [98] [99] [100] . None of these studies was powered for clinical outcomes measures, and only 1 of these studies [97] was powered for an MRI measure of disease activity. This 1-year, randomized, double-blind, placebo-controlled trial evaluated 20,000 international units of vitamin D3 as an add-on therapy to IFN β-1b. Total T2 lesion volume was the primary endpoint. Median change in T2 lesion volume was 287 mm 3 in the placebo group versus 83 mm 3 in the treatment group, but the difference did not meet statistical significance (p = 0.105). The total number of GdE lesions, a secondary endpoint, decreased in both groups (p = 0.002), but this change was significantly higher in the vitamin D group (p = 0.004), with a change in the median number of lesions from 0.6 to 0.1 in the treatment arm. Several ongoing RCTs are investigating the utility of vitamin D as adjunctive therapy to DMTs and may help provide a more definitive answer regarding the impact of vitamin D on disease activity and worsening of disability in MS [101] [102] [103] . Key features of these preliminary and ongoing RCTs are summarized in Table 2 .
Tobacco Smoking
Impact of Tobacco Smoking on the Immune System
At least 98 chemicals in tobacco smoke have an established health risk. In addition to carcinogenic effects, many of these chemicals affect the immune system [104] . These effects may be mediated, at least in part, by T helper 17 cells [105] . The aryl hydrocarbon receptor has been proposed as a possible link between toxins in tobacco smoke and T helper 17-cellmediated autoimmunity [106] [107] [108] .
Impact of Tobacco Smoking on MS Disease Activity and Worsening of Disability
Although no studies evaluating the association between smoking and MS disease activity were identified, multiple studies demonstrate increased risk of disability and worse long-term outcomes in people with MS who smoke tobacco [109] [110] [111] [112] [113] [114] [115] . A 2011 meta-analysis of 4 cohort studies investigating the impact of smoking on conversion from RRMS to secondary progressive MS (SPMS) suggested an increased risk in smokers but fell short of statistical significance (RR 1.88, 95% CI 0.98-3.61) [116] . A separate cross-sectional study of 728 smokers from the Swedish National MS Registry assessed the time to conversion from RRMS to SPMS. Their model estimated that each additional year of smoking after diagnosis accelerated the time to conversion to SPMS by 4.7%. Furthermore, those who continued to smoke converted to SPMS earlier than those who stopped smoking (p = 0.006). The median age at conversion to SPMS was 48 years in those who continued to smoke versus 56 years in those who quit [117] . A recent prospective cohort study of 646 people in Queensland, Australia, also showed an increased risk of progression from RRMS to SPMS in people with a history of smoking [118] .
Other studies have investigated the impact of tobacco smoking on reaching key disability milestones. In a UK cohort study of 895 people with MS, the risk of reaching an EDSS score of 4.0 and 6.0 was higher in those who had a history of smoking than in those who never smoked [RR 1.34 (95% CI 1.12-1.60) and RR 1.25 (95% CI 1.02-1.51), respectively] [114] . Exsmokers had a significantly lower risk of reaching an EDSS score of 4.0 (HR 0.65, 95% CI 0.50-0.83) and an EDSS score of 6.0 (HR 0.69, 95% CI 0.53-0.90) than current smokers. In addition, a cross-sectional study of 1372 people in Belgium found an association between smoking and increased risk for reaching an EDSS score of 6.0 compared with ex-smokers and never smokers [109] .
Impact of Tobacco Smoking on Mortality in MS
Tobacco smoking is associated with increased mortality in people with MS [27, 50, 52, [119] [120] [121] [122] . In one UK population-based cohort study, 1270 people with MS had a 3.5-fold increased all-cause mortality rate (95% CI 2.63-4.69) versus age-and sex-matched controls. The mortality rate further increased in current smokers compared with ex-smokers 
Summary Points on Comorbidities and Lifestyle Factors in MS
Overall, there is insufficient evidence to support a strong association between weight status and disease activity or worsening disability in MS. Multiple cohort studies show an association between vascular comorbidities and higher levels of disability in MS, and 2 population-based studies show an increased hazard of death in people with MS who have certain vascular comorbidities. Psychiatric comorbidities are common in MS, have a major impact on quality of life, and are often undertreated in the MS population. There is preliminary evidence from several longitudinal cohort studies supporting an inverse correlation between vitamin D levels and both MRI disease activity and worsening disability in MS. Multiple cross-sectional studies and 2 cohort studies found an association between tobacco smoking and worsening of MS-related disability, with worse outcomes for continued smokers than ex-smokers.
Health and Wellness Practices in MS
In addition to conventional medicine, there is growing public and scientific interest in incorporating lifestyle strategies to optimize MS care as part of an integrative model of medicine. Many of these interventions are rooted in a global approach to health and wellness that focuses on physical and emotional well-being, including diet, dietary supplements, physical activity, stress management, and tobacco cessation. Recommended wellness interventions are summarized in Table 3 .
Vitamin D Supplementation
There is preliminary evidence from several longitudinal cohort studies showing an inverse correlation between vitamin D levels and MRI evidence of disease activity or worsening disability in MS [92] [93] [94] . Multiple RCTs are still ongoing and may provide definitive evidence for the effect of vitamin D on disease-related outcomes in MS [101] [102] [103] . Nevertheless, guidelines in the general population support vitamin D supplementation to a minimum level [124] [125] [126] , which may have added benefits for people with MS.
Optimal Vitamin D Levels
Multiple studies investigating vitamin D supplementation in the general population [127] [128] [129] [130] , including an Institute of Medicine systematic review [131] , favor serum 25(OH)D concentrations between 20 and 50 ng/ml. The Endocrine Society, International Osteoporosis Foundation, and American Geriatric Society suggest that a minimum level of 30 ng/ml is necessary in older adults to minimize the risk of falls and fracture [124] [125] [126] . The Institute of Medicine systematic review voiced concern for serum 25(OH)D3 concentrations above 50 ng/ml. These concerns were based on an increased risk of bone fractures in people treated with highdose vitamin D [130] and a potential increased risk of certain cancers (pancreatic and prostate) with 25(OH)D3 levels above 30 to 48 ng/ml. The 25(OH)D level should be well below the critical threshold of 200 ng/ml that may lead to hypercalcemia [132] .
Recommendations for Vitamin D Supplementation
In general, all people should be supplemented to a 25(OH)D level of at least 20 ng/ml, and a level of 30 ng/ml is recommended by most guidelines. The optimal approaches for supplementation in the general population and in those with MS have not been established. The amount of vitamin D that is needed varies between individual people and depends on where one lives and the time of year. However, it is generally accepted that vitamin D3 is preferable to vitamin D2 because vitamin D3 is more active biologically, raises blood levels more effectively, and is more stable on the shelf [133] . While there are no specific guidelines on optimal vitamin D supplementation, a general strategy that may be effective in many parts of the US is vitamin D3 1000 IU for levels between 20 and 30 ng/ml and vitamin D3 2000 IU daily for levels < 20 ng/ml (vitamin D deficient). In some regions, such as the Pacific Northwest, higher doses may be necessary if one is vitamin D deficient: after initial treatment with 50,000 IU for 2 to 3 months, maintenance dosing with 2000 to 5000 IU daily may be needed. Importantly, these strategies for diagnosing and treating vitamin D deficiency are Bbest-guessâ pproaches based on current evidence [127] [128] [129] [130] . Dosing will differ across ethnic groups and is affected by other factors, including obesity, the baseline 25(OH)D level, and the dose and type of vitamin D used for supplementation [134] . The optimal time to recheck a 25(OH)D level has not been clearly defined, but one RCT comparing 1000 IU with 4000 IU of daily vitamin D3 supplementation found that levels peaked at 3 months, regardless of the dose [135] .
Preliminary studies suggest high-dose vitamin D supplementation is well tolerated by MS people. Phase I and II trials of high-dose vitamin D3 have shown that patients with MS can tolerate doses as high as 20,000 IU daily for 12 weeks [136] and escalating doses of vitamin D3 up to 40,000 IU daily over 28 weeks [95] with minimal, if any, side effects. However, these findings are only based on a few studies for short intervals, and more definitive evidence is needed to support the safety of long-term, high-dose vitamin D supplementation. Several clinical trials are ongoing at this time and will provide more evidence regarding the safety and tolerability of vitamin D as adjunct therapy [101] [102] [103] .
Tobacco Smoking Cessation
Optimal strategies in tobacco-smoking cessation include both behavioral and pharmacologic therapies [137] . Behavioral support interventions include written materials containing advice on quitting, multisession group therapy programs, and individual counseling. With respect to medications, nicotine replacement therapy, varenicline, bupropion, cytisine, and nortriptyline all increase the long-term success of quit attempts [138] . Combination therapy including varenicline and nicotine replacement therapy may be more effective than either treatment strategy alone [139] .
Recommendations for Tobacco-Smoking Cessation
Given the association of tobacco smoking with an increased risk of worsening disability and mortality in MS, it is recommended that all people with MS do not smoke tobacco products [27, 52, [109] [110] [111] [112] [113] [114] [115] [117] [118] [119] [120] [121] [122] [123] . A combination of pharmacologic and behavioral interventions is the most effective in supporting people who wish to quit smoking.
Diet and Nutrition
Numerous dietary strategies have been popularized over the years with the intent of improving disease activity, disability, and quality of life in people with MS. The strategies that have received the most attention in the MS literature are summarized in Table 4 . While there are few studies in support of a particular diet specifically for MS-related benefits, there are ongoing RCTs investigating the impact of a Mediterranean- • Vitamin D3 supplementation is preferred over vitamin D2
• Although there is no established treatment approach, supplementation with 1000 IU vitamin D3 for levels between 20 and 30 ng/ml and 2000 IU of vitamin D3 for levels < 20 ng/ml is one general treatment approach 
Clinical Trials
Apart from studies on dietary supplements, there is only 1 published RCT investigating the clinical impact of a specific dietary intervention in MS. Yadav et al. [146] conducted a 1-year-long trial in which 61 participants were randomized to either a low-fat, plant-based diet, or control [146] . All subjects had RRMS, a documented clinical relapse or active disease by MRI in the previous 2 years, and a baseline diet with > 30% of caloric intake from fat. The study diet was based on starchy plant foods with approximately 10% of calories from fat, 14% from protein, and 76% from carbohydrates. Adherence to the study diet was good with the intervention group showing a significant difference in the proportion of total caloric intake from fat compared with the control group (15% vs 40%, respectively). The 2 groups showed no differences in brain MRI outcomes, number of MS relapses, or disability at 12 months. The diet group showed significant improvements at 6 months in measures of fatigue, with the mean Fatigue Severity Scale improving by 0.06 points/month (p = 0.001) and Modified Fatigue Impact Scale improving by 0.23 points/month (p = 0.001). These changes were greater than the control group after controlling for baseline differences (t = -3.88, p adj = 0.001; t = -3.85, p adj = 0.001, respectively). There was also an average reduction in BMI of 0.18 kg/m 2 per month in the diet group. This rate of weight loss was significant after correcting for Gluten-free diet
• Completely devoid of gluten-containing products, primarily found in wheat, barley, and rye
--
Intermittent fasting
• Various regimens have been proposed, including alternate day fasting, when food is consumed every other day Varady et al. [145] baseline weight (t = -3.94, p adj < 0.001) and was faster than the control group (t = -3.68, p adj < 0.001).
Observational Studies
A handful of observational studies have also been conducted to investigate the impact of different diets. One of the bestdesigned studies was a prospective cohort study evaluating the impact of a high-sodium diet, estimated by urine sodium levels, on clinical relapses and MRI disease activity in people with MS. There was a statistically significant positive correlation between estimated sodium intake and clinical and MRI activity after adjusting for age, sex, disease duration, treatment, vitamin D levels, BMI, and smoking status [147] . Compared with the baseline intake group (sodium < 2 g/ day), the average intake (sodium 2-4.8 g/day) and aboveaverage intake groups (sodium ≥ 4.8 g/day) had relapse rates that were 2.75-fold (95% CI 1.3-5.8) and 3.95-fold (95% CI 1.4-11.2) higher than the baseline group. No significant differences were found in terms of EDSS either at baseline or at the end of follow-up. Individuals with a sodium intake above the national average had a 3.4-fold increased chance of developing a new lesion on brain MRI (95% CI 1.37-8.55) and had, on average, 8 more T2-weighted lesions. The findings suggest a correlation between sodium levels and clinical and MRI evidence of disease activity, but additional studies are warranted for further investigation. Another prospective cohort study evaluated the impact of prolonged intermittent fasting on the course of MS in a cohort of people in Iran [148] . The cohort consisted of 40 adult patients with MS who fasted during Ramadan and 40 patients with MS who did not fast. Only people with mild disability (EDSS ≤ 3) were included in the study. All people were followed for 6 months after Ramadan to assess their EDSS score changes and to record the number of clinical relapses. At the end of the study, no significant changes in EDSS or the frequency of clinical relapses were detected between the 2 groups. Fasting had no short-term adverse effects. Disease duration, relapse rate, and the use of DMTs were similar between the 2 groups, but the potential impact of other confounders was not assessed.
Other studies were not as robust. A very small, openlabel, single-arm study evaluated a multimodal intervention strategy, including a modified Paleolithic diet, additional dietary supplements, stretching and strengthening exercises with electrical stimulation, meditation, and massage for people with SPMS [149] . Only 8 of 10 subjects completed the study and only 6 were fully adherent to the entire program. For those who completed the study, there was an improvement in fatigue, but no clear correlation with the dietary regimen was made.
US Dietary Guidelines
US dietary guidelines are developed every 5 years from an advisory committee composed of experts in the field of nutrition, health, and medicine. They are general recommendations for promoting overall health and preventing chronic disease, and they incorporate scientific evidence from systematic reviews that assess eating patterns and their association with disease [150] . These guidelines emphasize a low-salt, lowfat diet with a high proportion of fruits and vegetables, a variety of proteins, and high-fiber foods. This diet is considered healthy for the general US population, and may have added benefits for people with MS. Many of these same interventions are currently being studied in the ongoing dietary RCTs for MS.
Recommendations for Diet and Nutrition
While there is no convincing evidence in support of a particular diet in MS, a plant-based, anti-inflammatory, nutritional regimen appears to be the most strongly indicated for optimal health. The 2015 to 2020 Dietary Guidelines from the US Department of Agriculture include general dietary approaches with the goal of optimizing health and minimizing chronic diseases [150] . Such recommendations include a variety of vegetables, whole fruits, grains, fat-free or low-fat dairy products, a variety of proteins, high-fiber foods, and oils. The guidelines limit added sugars, processed foods, salt intake to < 2300 mg/day, total fat in the diet to 20% to 35% of calories, saturated fat intake < 10% of calories, and trans fats.
Weight Management
To date, the authors are unaware of any clinical trials designed to assess the impact of weight-management strategies on disease-related outcomes in MS.
Exercise
An abundance of trials have investigated the effect of structured exercise programs on multiple functional and symptomatic outcomes in MS, including walking, fatigue, cognition, and spasticity. Significant variability exists between these trials with respect to the interventions used, duration and intensity of treatment, and populations studied. Most of these investigations found a beneficial impact of exercise on MS during treatment; however, it is not clear if these effects continue past the treatment period [151] .
Exercise and Safety
Historically, there has been uncertainty regarding the potential adverse effects associated with exercise training in MS and whether exercise can trigger a relapse or worsen disease. To address this question, 1 systematic review attempted to identify all RCTs with an exercise intervention program and a Bnotreatment^comparator [152] . Twenty-six studies were included. Overall, the proportion of adverse effects and drop-out rates was similar between the control and exercise groups, and there were even fewer relapses in the intervention arm than in the control arm. The myth that exercise worsens MS has largely been debunked.
Exercise and MS Performance Measures
A systematic review estimated the effect of exercise on walking performance in MS by examining RCTs of structured exercise programs [153] . Study quality was reasonably high. In pooled analyses, structured exercise was associated with a significant improvement in measures of endurance, but there were inconsistent results for different measures of walking speed. There was no significant improvement in the Timed Up and Go test [154] , the only measure of mobility in this study.
Another systematic review investigated the benefits of exercise in improving balance and reducing falls. RCTs and crossover trials were identified that compared strength training; endurance training; gait, balance, and functional training; and general exercise programs to usual care in adult people with MS [155] . In a pooled analysis, there was no significant difference in fall risk or balance between groups. However, the interpretation of these findings is complicated by significant heterogeneity between studies.
Exercise and MS-Related Symptoms
A Cochrane review evaluated the effectiveness and safety of exercise versus no exercise or an alternative intervention for fatigue in people with MS [156] . Fatigue was measured by self-reported questionnaires. Thirty-six trials were included in the meta-analyses. There was a significant effect on fatigue in favor of exercise therapy, but there was significant heterogeneity among studies. When considering the type of exercise, all interventions had a significant effect on fatigue. This included endurance training, mixed training with an endurance component, and Bother^training, such as yoga and tai chi.
A review of exercise with respect to cognitive outcomes in MS found conflicting results and involved studies of relatively poor methodological quality [157] . Studies with higherquality ratings according to American Academy of Neurology guidelines (class I or II studies) tended to report nonsignificant effects, whereas studies with lower-quality ratings (class III or IV studies) tended to report beneficial effects. Nevertheless, a recent, single-blinded, randomized pilot trial of aerobic exercise training was conducted, enrolling 8 ambulatory women with MS. The study found small-to-moderate improvements on the California Verbal Learning Test-II (~4 points, d = 0.34) in the intervention group after 12 weeks of supervised, progressive treadmill walking [158] .
A recent Cochrane review evaluated nonpharmacologic interventions for spasticity in MS [159] . Nine RCTs were included. None of the studies had low risk of bias as assessed by the Cochrane risk of bias tool. There was evidence to support physical activity programs used in isolation or in combination with other interventions (pharmacologic or nonpharmacologic) and repetitive magnetic stimulation with or without exercise therapy as interventions to improve spasticity. However, the strength of evidence was limited by the methodological quality of these studies.
Yoga
To investigate whether yoga improves quality of life in MS, a systematic review searched for all RCTs comparing the shortterm effects of yoga with usual care for a variety of outcomes [160] . Seven RCTs were included. There was a small but statistically significant impact on fatigue [ 
Recommendations for Exercise
Routine exercise is important in MS and should be encouraged. The US National Center on Health, Physical Activity and Disability Guidelines for people with MS recommend 20-to 60-min sessions of moderate-intensity aerobic training at least 3 to 4 days per week and 10-to 15-min sessions of strength training 2 to 3 days per week [161] . They also include daily stretching exercises for at least 10 to 15 min. These guidelines caution people to monitor heart rate and blood pressure closely, if they have dysautonomia, and maintain a cool environment to avoid heat sensitivity, as this can exacerbate symptoms of MS.
Treatment of Mood Disorders and Anxiety
A recent systematic review searched for all controlled clinical trials reporting on the effect of pharmacological or psychological interventions for depression or anxiety in a sample of persons with MS [162] . They calculated SMDs and pooled results using random effects meta-analysis. Depression severity improved with desipramine, paroxetine, and sertraline use in 3 RCTs (SMD 0.45, 95% CI 1.07-0.20) [163] [164] [165] . Heterogeneity among the studies was low (I 2 10%, q = 0.33). Moreover, in numerous open-label trials, duloxetine [166] , fluoxetine [167] , sertraline [168] , and imipramine [169] were all found to be effective therapies. There is no indication that any particular medication is significantly more effective.
The same systematic review investigated nonpharmacologic interventions for depression and anxiety [162] . The severity of depression scores improved in 9 RCTs investigating psychological interventions for depression treatment (SMD 0.45, 95% CI 0.74-0.16). Moderate heterogeneity existed between the study estimates (I 2 = 53%, q = 0.03), but after removing 1 outlier with an estimate 5 times larger than the rest, heterogeneity based on the I 2 was 0% (q = 0.89). Most of the interventions focused on a form of cognitive behavioral therapy; however, 1 trial investigated motivational interviewing and goal-setting for physical activity. Anxiety severity did not significantly improve in any of the 3 psychological trials of depression treatment, all of which employed cognitive behavioral therapy (SMD 0.34, 95% CI 0.84-0.15). Heterogeneity among the trials was moderate (I 2 = 52%, q = 0.13). There are no known controlled trials for the treatment of BPD in MS. However, anecdotal reports suggest management with mood stabilizers (lithium, valproate, carbamazepine) and antipsychotics can be effective [170] .
Recommendations for Identification and Management of Mood Disorders
Given the high prevalence and under-appreciation of psychiatric comorbidities in MS, it is recommended that MS healthcare providers routinely screen for mood disorders during clinic visits. Furthermore, the National MS Society has a navigator program to help connect patients with MS with providers in mental health. In addition, it is beneficial for neurology clinics to build a coalition with mental-health providers and teach them about the high prevalence of psychiatric comorbidities in the MS population. Treatment guidelines should follow those used in general practice for the treatment of depression, BPD, and anxiety. There is no evidence supporting the use of one psychotropic medication over another in the MS population.
Stress Management
There is also evidence that stress management reduces MRI markers of disease activity [171] . In 1 RCT, 121 people with relapsing forms of MS were randomized to receive stressmanagement therapy for MS (SMT-MS), consisting of a validated stress-management program with 16 individual therapy sessions, or control, in which participants continued their usual treatment but were provided a 5-h therapy workshop after study completion. SMT-MS resulted in a reduction in cumulative GdE and new T2 lesions (p = 0.04 and p = 0.005, respectively). An increased proportion of participants remained free of GdE lesions and new T2 lesions during SMT-MS treatment versus control [76.8% vs 54.7% (p = 0.02) and 69.5% vs 42.7% (p = 0.006)]. These effects were no longer detectable during the 24-week post-treatment follow-up period.
Along similar lines, 1 systematic review attempted to identify all RCTs assessing the influence of mindfulness training on the primary outcome of perceived stress [172] . Mindfulness training classically consists of instruction in 3 meditation techniques: breath awareness, body awareness, and dynamic yoga postures. For the purpose of the review, mindfulness training was required to include a core content of breath and body awareness and mindful movement. Only studies evaluating adult people with MS were included. Three studies were identified that met these requirements [173] [174] [175] . Only 1 trial demonstrated a low level of bias [175] . It investigated the effects of a mindfulness-based intervention (MBI) program on the outcomes of HRQoL, depression, and fatigue among adults with RRMS or SPMS [175] . In this trial, a total of 150 people were randomized either to the intervention or usual care. People were followed for 6 months, and attrition was low overall. Using an intent-totreat analysis, MBI improved all of the prespecified outcome measures versus usual care.
Recommendations for Stress Management
Several RCTs suggests a potential role for stress management that could include techniques such as mindfulness training in the management of MS. MBI can be recommended for those who express an interest, since it is safe and may be beneficial for HRQoL.
Conclusion
There is an increasing interest among patients, caregivers, and the scientific community in the use of lifestyle strategies to mitigate disease-related outcomes in MS. This interest comes, in part, from the growing recognition of the impact of comorbidities and lifestyle factors on disease activity, worsening of disability, chronic symptoms, and overall quality of life. Key observational studies now suggest an association between vascular comorbidities and an increased risk of disability and mortality. Depression, BPD, and anxiety are associated with poorer quality of life. There are several observational studies that show an inverse correlation between vitamin D levels and MRI markers of disease activity and worsening disability. Finally, multiple observational studies show an association between tobacco smoking and increased risk of disability and mortality.
The evidence for specific lifestyle interventions is more limited. A low-salt, low-fat, plant-based diet is recommended for the general population and may have added benefits for people with MS. More robust studies are required to clarify the role of dietary strategies in improving MS-related outcomes, and multiple RCTs are currently ongoing. Vitamin D3 supplementation is recommended to maintain 25(OH)D levels of 30 ng/ml or higher, consistent with most guidelines for the general population. Supplementation may have added benefits for people with MS, and multiple RCTs are underway to clarify the role of vitamin D3 supplementation as an adjunct treatment to DMTs. Exercise mitigates many MS-related symptoms, and likely has a role in maintenance of a healthy weight, although no weight management trials have been conducted to date. Smoking cessation decreases the risk of worsening disability in MS and should be encouraged in all patients with MS. Finally, given the under-recognition and under-treatment of psychiatric comorbidities in MS, regular screening is indicated with validated screening tests, where they exist. There is no evidence for any one treatment strategy over another in the MS population, so management of psychiatric comorbidities should follow general practice guidelines. Several RCTs also suggest a potential role for stress management in MS.
Altogether, the integration of lifestyle management with conventional medicine provides a multidimensional treatment approach to optimize overall health in individuals with MS. The impact of comorbidity treatment and lifestyle strategies deserves further investigation using larger studies across multiple regions to evaluate the impact of these interventions on disease-related outcomes on a more global scale.
